I. INTRODUCTION
Resistive random access memory (RRAM) is one of the most promising candidates for nonvolatile memories (NVMs) to replace the NAND flash memory, which will become inevitable because charge-based NAND flash memories will face physical limits such as charge loss tolerance and cell-to-cell interference in the near future. Among the proposed NVMs, including phase-change random access memory and spintransfer torque random access memory, RRAM has been intensively investigated as an alternative to the NAND flash memory owing to its advantages such as its simple metal-insulatormetal structure, low power consumption, and feasibility of three-dimensional crossbar array (CBA) applications for highdensity integration. [1] [2] [3] However, one of the main problems of CBA is a sneak current (leakage current) at unselected cells. To circumvent this problem, various selection devices to suppress the sneak current in the low resistance state (LRS) have been investigated, such as a transistor, p-n diode, threshold switch, tunnel barrier-based selector, and mixed ionicelectronic conductor. 4 Complementary resistive switching (CRS) has been suggested to solve the sneak current problem by connecting two bipolar RRAM devices antiserially. 5 However, most of the selection devices exhibit an insufficient current density, and the antiserially connected CRS devices make the integration process more complex, so a bilayer structure has been suggested as a simpler and effective method. 6 In this study, we investigate the dependence of a Ti insertion layer upon the resistive switching behaviors to suppress the sneak current in the CBA and to demonstrate the effect of the reactive metal layer.
II. EXPERIMENT
Gases of TiCl 4 and NH 3 were used as the Ti precursor and the reactant gas, respectively, to deposit a 50 nm-thick TiN bottom electrode (BE) onto a 100 nm-thick SiO 2 substrate using atomic layer deposition at 550 C. To prevent a chemical vapor deposition reaction between the source and the reactant gas, Ar gas was used as a purge gas between the source injection and reactant gas. A 20 nm-thick TaO x thin film was deposited on the TiN BE using the reactive sputtering method with Ar/O 2 mixed gas and a 99.9% Ta metal target using a radio frequency (RF) magnetron sputtering system at room temperature (RT), where the process pressure and the RF power were 5 mTorr and 300 W, respectively, and the oxygen partial pressure was fixed at 50%. Subsequently, 1 nm-thick and 7 nmthick Ti insertion layers were deposited onto the sputtered TaO x layer by electron-beam evaporation with a circular shadow mask 200 lm in diameter. Next, a 40 nm-thick Au top electrode (TE) was deposited by electron-beam evaporation to prevent Ti oxidation from the ambient air. In addition, an Au/ TaO x /TiN device was fabricated as a control sample, as shown in the inset of Fig. 1(a) . The rapid thermal annealing (RTA) process was carried out after device fabrication at 300 C in ambient vacuum for 1 min to stabilize the device performance. The RS behaviors of the fabricated devices were measured at RT using an Agilent B1500A semiconductor parameter analyzer in the DC current-voltage (I-V) sweep mode. During the voltage sweep measurement, a bias was applied to the TE and the BE was grounded, and the depth profile was examined by Auger electron spectroscopy (AES) to observe the stack structures. Figure 1 shows a typical I-V characteristic of the Au/TaO x / TiN device as a control sample, while the inset of Fig. 1(a) shows the schematic of the Au/TaO x /TiN device. The Au/ TaO x /TiN device exhibits the conventional bipolar resistive switching (BRS) behavior with 1 mA of current compliance (CC). After the electroforming process with negative bias, the LRS is changed to a high resistance state (HRS) at the positive a) Electronic mail: hjeon@hanyang.ac.kr bias region (RESET) and, as the negative bias is applied, the HRS turns into LRS abruptly (SET). It is difficult to observe the linearity of the LRS because Fig. 1 (a) is plotted using a semilog scale graph, so the I-V curve is replotted in a linear scale in Fig. 1(b) . The red line plots the LRS of the Au/TaO x / TiN device and demonstrates its completely linear behavior, which leads to the sneak current problem in the CBA. Figure 2(c) shows the I-V curve of the blue line in Fig. 2(b) plotted in a linear scale, and the black and red lines show HRS and LRS, respectively. The LRS of the Au/Ti (1 nm)/TaO x /TiN device exhibits a nonlinear behavior at LRS, which can be understood by the presence of the ultrathin TiO x tunnel barrier layer that forms during deposition of the reactive Ti insertion layer and the additional post-RTA treatment. 7, 8 The nonlinearity is defined as the ratio of I LRS at V SET to I LRS at 1/2V SET . 9 The calculated nonlinearity of the Au/Ti (1 nm)/TaO x /TiN device was 4.37. Although the Au/Ti (1 nm)/TaO x /TiN device exhibits nonlinearity behavior with a 1 nm-thick Ti layer insertion, it is not enough to suppress the sneak current at unselected cells. In other reports, the nonlinearity was reported to have a value above 10. 7, 8, 10 To improve the suppression characteristics, the thickness of the reactive Ti insertion layer is increased from 1 to 7 nm whereupon, after fabrication of the Au/Ti (7 nm)/TaO x /TiN device, post-RTA treatment is carried out in the same manner as the previous sample. Figures 3(a) and 3(b) plot in the semilog scale and linear scale, respectively, the I-V characteristics for the Au/Ti (7 nm)/TaO x /TiN device with post-RTA treatment. The inset of Fig. 3(a) depicts the schematic structure of the Au/Ti (7 nm)/TaO x /TiN device. Unlike the Au/Ti (1 nm)/TaO x /TiN device, the CRS behavior is observed in the Au/Ti (7 nm)/TaO x /TiN device. After an electroforming process under negative bias, the resistance state of the Au/Ti (7 nm)/TaO x /TiN device is switched from an initial HRS (pristine resistance state of the device) to an LRS, after which the Au/Ti (7 nm)/TaO x /TiN device switches from an LRS to the "0" state of the CRS device (HRS0) by a conventional RESET process. Subsequently, an (4) (Fig. 3 ) described as follows: (1) When the negative voltage is applied to the Au/ Ti (7 nm)/TaO x /TiN, a sudden current jump occurs at a threshold voltage (around À1 V, denoted as V th1 ), and the resistance state of the device changes to an LRS (denoted as "ON" state). (2) With a further increased negative voltage, the current decreases at another threshold voltage ($À2 V, denoted as V th2 ) and the resistance state is switched to HRS1. This HRS1 state is maintained from V th2 to V th3 . (3) As the positive voltage is applied to the device, the resistance state switches from HRS1 to an LRS (ON state) at a positive threshold voltage ($1.2 V, denoted as V th3 ). (4) Further applied positive voltages lead to the change of resistance state from an LRS to an HRS0, which is maintained from V th4 to V th3 . Here, HRS0 and HRS1 can be regarded as the "0" and "1" states of the CRS device, respectively. For this case, an erase voltage and a read voltage will be V > V th4 and V th3 < V < V th4 , respectively. For the opposite case, an erase voltage and a read voltage should be V < V th2 and V th2 < V < V th1 , respectively. These four switching behaviors are similar to those of antiserially connected CRS devices. 11, 12 In contrast, with conventional BRS devices, the stored information denoted as 0 and 1 is in the low voltage region of V th1 < V < V th3 . Therefore, the CRS device can suppress the sneak current into unselected cells and solve the power consumption problem in the CBA. For the realization of RS behaviors that are dependent upon the Ti thickness, the electroforming processes for three devices are investigated [ Fig. 4(a) ] and the absolute values of forming voltages and the initial current levels (at zero voltage) are extracted from the I-V curves of the electroforming processes [ Fig. 4(b) ]. As the Ti thickness increases, the initial current increases and the absolute value of the forming voltage decreases. The CC is set to 10 lA for the Au/TaO x / TiN and the Au/Ti (1 nm)/TaO x /TiN devices at electroforming processes, but the CC is set to 1 mA for the Au/Ti (7 nm)/TaO x /TiN device because its initial current is higher than that of the Au/Ti (1 nm)/TaO x /TiN and the Au/TaO x / TiN devices. This indicates that the thicker reactive Ti layer absorbs more oxygen ions from the TaO x layer during Ti deposition and the post-RTA treatment. In this oxygen absorption process, oxygen vacancies can be generated that make the device leaky. Figure 5 shows the AES depth profile of the Au/Ti (7 nm)/TaO x /TiN device, which demonstrates CRS behavior (see Fig. 3 ). Because the kinetic energies of the N and Ti Auger electrons are similar, the TiN BE should be analyzed using only Ti or N and, in this study, Ti is selected for AES depth profile because the reactive Ti insertion layer is used. At the top interface, an oxygen deficient TiO x layer is clearly observed, and this naturally formed oxygen deficient TiO x layer can serve as an additional RS layer in the CRS device. Therefore, the insertion of a 7 nm-thick reactive Ti layer can affect the RS behaviors. This result is well matched with the conventional CRS behavior, and indicates the existence of two RS regions.
III. RESULTS AND DISCUSSION
Based on the above results, the CRS mechanism of the Au/Ti (7 nm)/TaO x /TiN device is depicted in Fig. 6 . Oxygen vacancies exist in the pristine device because oxygendeficient TaO x is deposited by the reactive sputtering method and because TiO x forms during the reactive Ti deposition on the TaO x layer and during post-RTA treatment. Although the Au/Ti (7 nm)/TaO x /TiN device includes more oxygen vacancies than the Au/TaO x /TiN device, the Au/Ti (7 nm)/TaO x / TiN device still exhibits HRS because the oxygen vacancies are randomly distributed in the switching layers. When an appropriate negative voltage (jVj > jV th1 j) is applied to the TE, the positively charged oxygen vacancies drift toward the TE side and sufficient oxygen vacancies are left in the TaO x layer and form localized conductive filaments connecting the TE and BE (ON state). With the application of an increased negative voltage (jVj > jV th2 j), the oxygen vacancies in the TaO x layer move toward the TiO x layer and the Au/Ti (7 nm)/TaO x /TiN device then switches to HRS1. With an appropriate positive voltage (jVj > jV th3 j), oxygen vacancies in the top interface region drift toward the TaO x layer and rebuild conductive filaments through the device (ON state). With the application of an increased positive voltage (jVj > jV th4 j), oxygen vacancies are diminished in the top interface region and move into the TaO x layer (HRS0).
IV. CONCLUSIONS
In conclusion, the resistive switching behaviors of the Au/Ti/TaO x /TiN RRAM devices are investigated as a function of the thickness of the Ti metal insertion layer. The 1 nm-thick Ti insertion layer induces nonlinear characteristics to LRS because of the formation of an ultrathin TiO x layer that acts as a tunneling barrier. However, an adequate Ti insertion layer thickness leads to a CRS behavior owing to the formation of an additional resistive switching layer. This CRS characteristic can therefore contribute to the suppression of the sneak current in the CBA. Controlling the Ti (reactive metal) layer is an effective method for adjusting the nonlinear LRS and CRS behaviors. 
